Abstract
Introduction

27
Starch crops (e.g. corn, wheat), sugar crops (sugar cane and sugar beet) and 28 lignocellulosic material (agricultural residues, wood, grass, etc.) are the main biomass 29 feedstocks employed for bioethanol production [14] . Even in the case of processes 30 using biomass feedstocks, such as algae [5, 6] and black liquor [7] to produce other 31 biofuels such as biodiesel or methanol, some valuable components in these feedstocks 32 represent a significant fraction that ends up in low value by-products. In the case of 33 starch crops, the by-product is the Distillers Dried Grains with Solubles (DDGS). As 
94
In Fig. 1 , opportunities for bioethanol integration between sources and demands
95
(streams numbered 1 to 12) within a biorefinery producing bioethanol and 96 arabinoxlylans from wheat have been identified. The route to extract arabinoxylans 97 (AX) using bioethanol to precipitate the extracted AX presented in this figure has 98 recently been explored [8, 33, 34] . In this process ethanol is used for bran purification (at 99 70% purity) and for AX precipitation and washing (at 96% purity). In a more complex The bioethanol pinch analysis tool is intended to establish the minimum flow 133 rate of bioethanol that can be used as a target for an integrated biorefinery design. In 134 principle, this target can be decided assuming that any source can supply any demand.
135
However, the minimum fresh bioethanol supply required by a system is driven by the 136 constraints imposed by the processes involved and material conservation principles. 
( In addition to the amount required, bioethanol must also be supplied at by the sources, rendering the system unfeasible. This situation would lead to using 220 additional amounts of fresh ethanol or higher-purity ethanol. Therefore, the second 221 necessary condition for system feasibility is that the material balance on ethanol in the (Fig. 2d) . The purity of the bioethanol source 246 at the pinch corresponds to the bioethanol pinch purity (x P ). The bioethanol pinch 247 appears in the surplus diagram by a discontinuity segment at surplus equal to zero 248 between x P and the corresponding x D . In the pinched diagram (Fig. 2d) , the surplus 
253
Above the pinch, there is a portion of the flow rate from the source stream at the pinch 254 purity indicated as F PR (Fig 2c) . This flow rate corresponds to the amount that must be 
2.5.Case study
287
For an effective demonstration of the bioethanol integration method, the 288 processing pathways co-producing AX in Fig. 1 were analysed. The initial PEN
289
showing the bioethanol demands and sources is depicted in Fig. 4 . The bases are: a 290 biorefinery processing capacity of 340000 t/y of wheat from which 13600 t/y of bran is Table 1 for the data extracted from the example bioethanol network in 
Finding the bioethanol pinch and target
310
The SCC (initial) and DCC generated for the data in Table 1 are presented in highest flow rate and/or with the highest cost or purity.
326
The fresh bioethanol supply (at 99.6% purity) was reduced (Fig. 5a ) until a 327 bioethanol pinch occurred at a purity of 91.52% (Fig. 5b) for a flow rate of 12512 t/y.
328
This corresponds to the target for the minimum ethanol import for a feasible exchange Table 1) . This means almost 70% less bioethanol product would be spent in AX co-333 production. Since the integrated design needs to be economically viable, the bioethanol 334 network integration options need to achieve an increase in profitability. The analysis 335 may require several iterations and a spreadsheet tool would avoid the tedious calculation 336 and graphical construction. Thus, the bioethanol pinch method has been adapted to a 337 user friendly software tool using Excel-VBA that can be made available upon request. following the bioethanol integration strategy in Fig. 3 . The pinch point indicates that all 344 units producing and requiring ethanol at purity equal or higher than x P must be 345 exchanged above the pinch. Then, simultaneous mass balances must be solved to 346 determine the flow rates exchanged between them.
347 Figure 6 shows the resulting bioethanol exchange network above the pinch.
348
Notice that some of the bioethanol from WSU-2 is sent below the pinch, but not across 349 the pinch since the stream is at the pinch purity x P =91.52%. Thus, the first criterion for 350 bioethanol exchange network design is satisfied. This in turn also shows that the initial 351 network was violating this criterion by using great amounts of fresh bioethanol (at 352 99.6%) from above the pinch to supply a demand (at 70%) below the pinch, crossing x P .
353
Notice how the recycle flow rate F PR (Fig. 5a ) from WSU-2 is used efficiently.
354
Although Fig. 5a indicates that the remaining stream from WSU-2 at 91.52% can be options is to import a utility with higher purity in order to increase the exchangeable 360 surplus. However, in the example network the ethanol is supplied at the highest possible 361 purity, which corresponds to the pure bioethanol product. Another option is to purify a 362 stream in order to make more ethanol available to the system at a higher purity. The 363 integration of a purification unit is thus evaluated in this case study by using the 364 bioethanol pinch analysis method.
365
Although the bioethanol pinch does not indicate which stream to purify, the 366 technique is useful to determine whether the integration of a purification unit to the network and before finding the pinch, are depicted in Fig. 5c and Fig. 5d , respectively.
382
The new step in the SCC represents the new stream source in the system. The effect of the changes made to the network is illustrated in Fig. 5d . There is a 391 change from a system constraint on ethanol supply above the pinch to a system with following the targeting procedure described above. Fig. 5e and Fig. 5f depict the 397 pinched bioethanol networks with and without the purification unit, respectively.
398
The reduction in the total bioethanol makeup flow rate and the consequent in Fig. 5f , indicating the system is now utilising the available ethanol more efficiently.
402
A remarkable effect of the purification unit is that the pinch is lowered to an ethanol containing AX would increase recovery in the bran purification steps (TMU-1, SWU-1).
429
The bioethanol makeup required for the co-production of AX is now 2459 t/y. Thus, the 430 integration of the purification unit can save 10053 t/y of bioethanol product additional 431 to the savings from the first pinched system to make a total saving of 38703 t/y. This 432 means that the fresh bioethanol makeup required can be reduced by up to 94% from the 433 41162 t/y in the initial network (Fig. 4) . as discussed before.
434
444
The system including the integration of a new purifier column (Fig. 7) was 445 compared to the alternative system where the waste streams from SWU-1 and SWU-2
446
are sent back to the recovery and purification sections of the main bioethanol production 447 process (Fig. 1) . Table 2 shows that the total avoided losses in biorefinery revenues 448 after bioethanol pinch analysis is 22.83 M£/y for the system with a new purifier column.
449
The impact of installing a purification unit additional to the rectifier column in the main 450 production process is a 15% increase in capital costs. This is less than the 24% cost 451 increase for the installation of distillation columns designed for the increased capacity 452 due to the processing of the waste streams from SWU-1 and SWU-2. In this alternative,
453
the mass balance indicates that the fresh bioethanol surplus is reduced to 2282 t/y.
454
Although the reduction is higher and therefore more revenue losses are avoided, the 455 capital cost is also higher leading to a minimal difference in increased profitability 456 between the two purification alternatives shown in Table 2 . The impact on the capital 457 costs is favourable for the installation of a new purification unit which also offers more 458 process flexibility.
459
Another advantage of the final integrated network design in Fig. 7 is that the 460 condensation of the stream from RDY-2 makes some heat available that can be used to 
472
Integration principles and strategies helped to achieve an efficient, highly integrated 473 bioethanol network. Combination of analytical-graphical and cost-benefit analysis can 474 facilitate the whole bioethanol based biorefinery process synthesis and retrofit designs.
475
The bioethanol pinch analysis approach could be adopted by other comparable product-476 based biorefineries. 
